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Responses of evergreen and deciduous Quercus species to enhanced ozone levels Vicent Calatayud a Ozone is generally recognized to be the most relevant pollutant for forests, affecting tree species in different ways: visible injury, reductions in biomass, changes in biomass partitioning, or a higher susceptibility to pathogen attack (Krupa et al., 2000) . In its interaction with other pollutants and with climate change, it can also adversely affect important forest services (production, protection or regulatory services like water provision) . Oaks are important trees in Northern Hemisphere forests. The genus Quercus encompasses both evergreen and deciduous species. In Spain, where Atlantic and Mediterranean vegetation converge, the most relevant species are Q. ilex (evergreen), and Q. faginea, Q. pyrenaica and Q. robur (deciduous) (López-González, 2001) . Q. robur is a common oak in Europe, widely distributed in oceanic and humid areas, but absent from the Mediterranean Basin as it is drought-sensitive. The distribution of Q. pyrenaica is centred in western Mediterranean mountains, on relatively fresh sites. Q. faginea grows in similar habitats, but it has a more southern distribution and is relatively more drought tolerant. Q. ilex is widespread in the Mediterranean area; subsp. ballota, in particular, is very well adapted to drought stress. As adaptations to their different habitats, leaves of Q. robur and Q. pyrenaica are relatively large while those of Q. ilex subsp. ballota are the smallest and toughest; Q. faginea leaves are intermediate in size between the two.
Ozone effects on oaks have been studied in a limited number of North American (especially in Quercus rubra, e.g., EPA, 2006) and European species. As for European oaks, Q. petraea (Broadmeadow et al., 1999; Broadmeadow and Jackson, 2000; Karlsson et al., 2004) , Q. robur (e.g. Broadmeadow et al., 1999; Broadmeadow and Jackson, 2000; Karlsson et al., 2004) , Q. ilex (Inclán et al., 1999; Manes et al., 1998; Ribas et al., 2005a Ribas et al., , 2005b and Q. coccifera have been exposed previously to enhanced ozone levels. Such studies focussed on one or two oak species, sometimes comparing them with species of other genera. Of the four most common oak trees in the Iberian Peninsula, only two have been tested hitherto (Q. robur and Q. ilex), and no information is currently available for Q. faginea and Q. pyrenaica. In the present 2-year study, we assess the ozone sensitivity of these four species by studying different types of responses: visible injury, and effects on photosynthesis and biomass. The hypothesis to be tested is that ozone sensitivity in these species is the result of the interaction between ozone uptake and species-specific leaf characteristics (e.g., leaf habit, SLA, thickness, stomatal density), which in the present case are strongly determined by the adaptations of these species to more or less dry habitats (Paoletti, 2006; Bussotti, 2008; Calatayud et al., 2010) . Among these characters, Leaf Mass per Area (LMA), the inverse of Specific Leaf Area (SLA), has been used to distinguish between ozone-tolerant and ozone-sensitive species (Bussotti, 2008) , and it has been suggested that data expressed on an LMA basis may contribute to a better understanding of the ozone effects (Cascio et al., 2010) .
On the other hand, the results herein reported should contribute to the establishment of reliable critical levels (CLe) as risk-assessment tools for different types of Mediterranean species, on which information is clearly insufficient. , 2004) . In the dose-response functions between growth and AOT40 or POD Y from which such CLe were derived e including a CLe for deciduous Quercus species (Karlsson et al., 2004) e, the threshold for POD Y was Y ¼ 1.6 and a 5% growth reduction was regarded as relevant. However, in a very recent approach (Harmens et al., 2010) , lower thresholds (Y ¼ 0 and Y ¼ 1) and percentages of biomass reductions (2% or 4%) have been proposed for Norway spruce, birch and beech, although not for Quercus. In the present paper, in order to facilitate comparability with previous studies (e.g., Karlsson et al., 2004) , the discussion will be mainly based in POD 1.6 and a 5% growth reduction will be considered. However, accumulated ozone stomatal fluxes will also be reported for Y ¼ 1 and ¼ 0.
Materials and methods

Plant material
Two-year-old seedlings were obtained from Vivero Escuela Rio Guadarrama (Navalcarnero, Madrid). Plant material sources were: Sayazo, Salamanca (Quercus ilex subsp. ballota and Quercus pyrenaica); Alcarria, Serranía de Cuenca (Quercus faginea) and Galicia (Quercus robur). The 10 l containers were filled with a mixture of 75% peat, 15% sand, and 10% vermiculite; the soil pH was close to 7.0. A slow-release fertilizer was initially incorporated into the soil (Osmocote plus, 1 cc l
À1
, with NPK 20:10:20), and additional fertilization (NPK 18:11:18 þ 2.1 MgO 2 g l À1 ) was later added regularly. Plants were irrigated twice a day using a droplet irrigation system. Nine plants were kept in filtered air, and 9 were ozone-exposed.
Leaf trait and microscopy methods
During July 2006, 3 mature leaves from each of the 9 Charcoal Filtered plants were collected (n ¼ 27), and their Specific Leaf Area was calculated as SLA ¼ Dry weight (mg)/Leaf surface (mm 2 ). Leaf Mass per Area (LMA) is the inverse of SLA. Leaf dry weight was determined by oven-drying leaves at 60 C to stable weight. Leaf size was assessed by image analysis using Matrox Inspector 4.0 (Matrox Electronic Systems Ltd.). For anatomical traits, 5 cuttings or field observations per plant from 5 plants were evaluated under a light microscope. Leaves were embedded in LR-White medium-grade acrylic resin (London Resin Co.), and semi-thin sections (1.5 mm)
were prepared with a Sorvall MT 5000 ultramicrotome (Girald-Dupont, Willington, DE, USA) provided with a glass knife (45 ) obtained from a special glass (Glass Strips Leica 6.4 mm) in a knifemaker (Reichert-Jung, Wien, Austria). For stomatal traits, leaf trichomes were removed using adhesive tape. Leaves were washed with 2% sodium hypochlorite for 4 h, then washed 4 times (20 min each time) in distilled water, and later stained in safranin-fast green for 25 min. After several washings in alcohol 96%, leaf fragments of 7 Â 7 mm were dehydrated in absolute ethanol, and mounted in a slide with xylene and Canada balsam. Cells and stomata were examined and counted on the leaf surface along diagonal transects. The stomatal index (I) was calculated as follows: I ¼ [S/(E þ S)] * 100, where S is the number of stomata per unit area, and E is the number of epidermal cells per same unit area (0.0784 mm 2 ). Sections were observed and photographed with an Olympus Provis AX 70 brightfield microscope fitted with a Lumenera Infinity 2e3C digital CCD camera, and images were subsequently analyzed with Adobe Photoshop CS4 extended software.
Open-top chambers and ozone exposures
The experiment was conducted with six NCLAN Open-Top Chambers placed in Benifaió (39 16 0 14.8 0 N, 00 26 0 59.6 0 W, at 30 m of altitude). Air quality inside and outside the chambers was continuously monitored at regular intervals with an ozone monitor (Dasibi 1008-AH, Environmental Corp.); these monitors were calibrated periodically. Plants were placed in six Open-Top Chambers (OTC), with two ozone treatments (3 chambers per treatment): Charcoal Filtered air (CF), and Non Filtered air plus 30 ppb ozone (NF þ 30). Plants were fumigated 8 h a day, from 10:00 to 18:00 CET, during the whole week. Ozone was generated from pure oxygen using a high-voltage electrical discharge generator (Sir S.A. 
Assessment of visible symptoms
All plants (9 per species and ozone treatment) were examined every two days to record the first date of symptom onset in each individual plant. Complementarily, once a week, both the percentage of affected leaves per plant (LA), and the percentage of area affected for the symptomatic leaves (AA) were scored in each plant, using a 5% step scale. To evaluate whole plant injury, a Plant Injury Index (PII) was calculated combining these two parameters: PII ¼ (LA * AA) / 100.
Gas exchange measurements
Gas exchange measurements were taken with an infrared gas analyzer (IRGA) (LICOR-6400, Li-cor Inc., Lincoln, NE, USA), at constant T (25 C), PPFD (1000 mmol m measurements and one leaf per plant was measured. In order to minimize any environmental condition shifts affecting gas exchange, measurements were taken by alternating the different species and ozone treatments considered.
Ozone stomatal flux modelling, dose-response functions and critical level calculations
Modelling of stomatal conductance for each species was carried out by using the multiplicative model included in the EMEP DO 3 SE deposition module (UNECE, 2004) . For deciduous oaks, the parameterization by Karlsson et al. (2004) was used, while for the evergreen oak, Q. ilex, a parameterization for this species included in the 2009 revision of the Mapping Manual (2004) was applied (Table 2) . Meteorological data (from a meteorological tower placed at the experimental site) and hourly ozone concentrations covered from 1st April to 30th September. Sitespecific g max values (Table 4) were used for each Quercus species. These g max values were calculated by taking the 95th percentile of all the valid values of stomatal conductance. As plants were well-watered, a constant value of 1.0 was assumed for the f SWP . For holm oak, the existing phenological function has maximal values during winter but forces a g s decline in summer, in order to reproduce the drought-induced reduction in gas exchange experienced by Mediterranean vegetation during this period; as this restriction is not observed under the well-watered conditions of the present experiment, this function was assumed to have a constant value of 1.0. Exposure and flux calculations included charcoal filtered controls, and were expressed on a yearly basis following Karlsson et al. (2004) . The hypothetical value of the total biomass at zero exposure was calculated as the y-axes intercept (using extrapolation of the linear regression of total biomass versus AOT40 or POD 1.6 ), and the reductions in the total biomass for each species were calculated in relation to this hypothetical value. Dose-response functions for deciduous oak species were derived by linear regression analyses between AOT40 or POD 1.6 indices and total biomass reduction. Ozone Critical level was calculated considering a 5% of biomass reduction. POD 1.6 expressed on an LMA basis was calculated as: POD 1.6 /LMA.
SPAD measurements
Chlorophyll content was estimated non-destructively with a portable chlorophyll meter (SPAD-520, Minolta) in the same leaves used for gas exchange and fluorescence analysis. This instrument uses measurements of transmitted radiation in the red and near infrared wavelengths to provide numerical values related to leaf chlorophyll content. The average of 3 measurements was calculated for each leaf.
Chlorophyll a fluorescence measurements
Chlorophyll fluorescence measurements were taken at ambient temperature in the same leaves used for gas exchange analysis. Measurements were carried out with a portable fluorometer (PAM-200, Walz, Effeltrich, Germany). Leaves were dark-adapted for at least 30 min prior to the measurements. After dark adaptation, the minimal fluorescence (F o ) was determined using the measuring light. Subsequent application of a saturating white light flash (0.8 s at 8000 mmol m À2 s À1 ) raises fluorescence to its maximum value (F m ). This allows the determination of the F v :F m parameter, maximum quantum efficiency of photosystem II (PSII) primary photochemistry, given by
Biomass, biomass partitioning and plant height
Plant height was measured nine times, at the start of ozone exposure (25th April 2006) and then, regularly, but only the last data are presented (4th September 2007). At the end of the experiment (19th September 2007), above-ground (leaves and woody parts separately) and below-ground biomass (roots) were calculated separately after oven-drying at 60 C to stable weight.
Statistical analyses
Depending on the type of data, for the two-level analyses, either the independent t-test or the ManneWhitney U test was applied. For more than two cases, one-way Analysis of Variance (ANOVA) followed by LSD or Tukey HDS tests, or KruskaleWallis H test followed by pairwise multiple comparisons were carried out. Time effects on the physiological measurements were tested with repeatedmeasures ANOVA with ozone treatments and species as between-subjects factors (Table 6) , and applying lower bound epsilon test for within-subjects factor and interactions terms. In biomass assessment, a two-way ANOVA was applied. A probability level <0.05 was considered statistically significant. As plants were regularly moved within and among chambers in order to avoid positional effects, the statistic unit is consider to be the plant. Data were analyzed using SPSS 15.0 for Windows (SPSS Inc.).
Results
Leaf traits of the species
Of the four species considered, Q. ilex was characterized as having tough leaves, smaller in size and thicker than in the other species, and presenting the lowest SLA (surface/weight ratio) and highest LMA (Table 3) . Supporting tissue (cells with lignified walls) was more abundant than in the other species, a subepidermis layer was present, and a very dense layer of trichomes covered the lower leaf surface. All these characters are related to sclerophyll adaptations, as expected from a typical evergreen Mediterranean species. Q. faginea, a deciduous species and, after Q. ilex , the second most drought tolerant of the species studied, also developed relatively small leaves, with values of SLA and leaf thickness which were intermediate between those of Q. ilex and those of the other two deciduous oaks. Lignified cell walls and trichomes were less abundant than in Q. ilex, but more numerous than in the other two deciduous oaks. The other two oak species (Q. pyrenaica and Q. robur) had the largest and the thinnest leaves on average, with no subepidermis layer, reduced supportive tissue, and with their surface less covered by trichomes. Q. robur was the only species with a single layer of palisade parenchyma cells (two layers in the other species).
Comparison of the different stomatal characteristics among species shows that none of the characters was ranked according to the leaf size or drought-tolerance capacity of the species. As expected, Q. ilex was among the species with the highest stomatal density and stomatal index; however, of the other three species, Q. pyrenaica had the closest values to Q. ilex, and not Q. faginea, as would also be expected.
Stomatal ozone flux
Under the well-watered conditions of the present experiment, the g max of the different species and their accumulated ozone flux over different thresholds (POD Y ) are provided in Table 4 . According to the POD Y values, the species are ranked as follows: Q. ilex > Q. pyrenaica > Q. faginea > Q. robur. The highest POD Y value in Q. ilex despite its lower g max is related to the fact that, contrary to the deciduous oaks, g s was not limited at the beginning and at the end of the AprileSeptember period (f phen limitation), and this species shows different responses against VPD and T (Table 2 ). For Q. ilex, if the POD 1.6 is calculated considering 12 months (leaves are present during the whole year), POD 1.6 would be 4.3 and 58.8 mmol m À2 for the CF and NF þ 30 treatments respectively. If the POD 1.6 taken by each of the species is expressed on an LMA basis, however, the ranking changed: Q. pyrenaica > Q. robur > Q. faginea > Q. ilex. That is, along the experiment, Q. pyrenaica is the species that has been exposed to a higher dose of ozone per mass unit. Sanz and Calatayud, accessed May 2010) . The onset of visible injury for Q. pyrenaica was in May, at much lower AOT40 and POD Y values than in the other two symptomatic species (Table 5 ). For Q. robur and Q. faginea, visible injury could only be observed towards the end of the growing season in both years. Complementarily, the evolution of the Plant Injury Index was consistent with the previous results, supporting Q. ilex as the most tolerant species and Q. pyrenaica as the most sensitive one (Fig. 1) . A reduction in the symptoms during the second year was also observed.
Gas exchange, chlorophyll content (SPAD) and chlorophyll fluorescence
Independently of the ozone treatment, the species were significantly different for most of the gas exchange and chlorophyll parameters considered, and showed differences in the variation along time (Table 6 ). For CO 2 assimilation (A), there is a significant interaction of ozone Â species, indicating that ozone effects on A differed among species. Q. pyrenaica and Q. robur were the species most affected by ozone, Q. ilex was the most tolerant (significant changes not observed), while Q. faginea was intermediate. In 2006, ozone reduced A in all species (À64% in Q. pyrenaica, À38% in Q. robur and À33% in Q. faginea) except Q. ilex. Stomatal conductance (g s ) and A/g s ratio were significantly reduced in Q. pyrenaica (À26%, À52% and À51% respectively). C i increased significantly in Q. pyrenaica (15%) and Q. faginea (6%), and chlorophyll content (SPAD) was reduced significantly in Q. pyrenaica (À25%). In 2007, Q. pyrenaica and Q. robur experienced significant reductions in A (À77% and À25%), g s (À64% and À42%), and A/g s ratio (24% and 25%) while C i increased (21% and 24%). A decline in F v :F m was observed in September 2007 in Q. pyrenaica (À16%) and Q. robur (À16%), although it was not significant. The type of approach used in this study, i.e., measuring the same (marked) leaves throughout the year, is useful for comparative purposes but may overestimate whole plant effects, as possible compensatory responses of younger leaves were not taken into account (Fig. 2) .
Biomass, biomass partitioning and plant height
Independently of the ozone treatment, the species differed significantly in biomass production and plant height at the end of the experiment (Table 7) . Plant height values at the end of the experiment did not differ significantly between the two treatments at any of the nine measuring times (only values of the last measuring time are reported in Table 6 ). Nor did the enhanced ozone levels significantly change the above-ground biomass. Root dry weight showed a tendency towards reduction in fumigated Q. pyrenaica plants (À45%, P < 0.1), and biomass partitioning was significantly altered in this species: reduction in root growth was stronger than reduction in above-ground biomass (13%); thus, above-ground biomass/below-ground biomass ratio increased significantly in this species (50%). Table 3 Morphological and stomatal traits of the four species (mean AE SE, n ¼ 9 for Leaf surface, SLA and LMA, n ¼ 5 for the rest of characters). Significant differences between species are indicated with different letters (ANOVA, followed by Tukey HSD, P < 0.05 for Leaf surface and SLA or KruskaleWallis, followed by pairwise comparisons, P < 0.05 for the rest). Abundant (þþ), moderate (þ), few (À). 
Dose-response functions and critical levels
When the reductions in total biomass vs. AOT40 and POD 1.6 are represented (Fig. 3) , the highest biomass reductions occurred in Q. pyrenaica, which was the deciduous species experiencing the highest accumulated ozone flux. Considering the exposure or doseresponse functions (Fig. 3) of the three deciduous species together, an AOT40 of about 18 ppm h and a POD 1.6 of about 16 mmol m À2 would account for a 5% reduction in total biomass for the deciduous oak species. The only evergreen, Q. ilex, was by far the most tolerant species as it showed the lowest biomass reductions despite being exposed to the highest accumulated ozone flux of the four species: a reduction of 5% was associated with AOT40 values of 46 ppm h and POD 1.6 values of 53 mmol m À2 (or of 72 mmol m À2 if 12 months instead of 6 months are considered).
Discussion
The present study shows that realistic levels of ozone-induced leaf-level and plant-level responses were species-specific. Visible injury strongly varied among species, with Q. pyrenaica and Q. ilex being the most and least affected species respectively. Leaf injury also varied between years; it was lower in the second year, probably due to a better acclimatising to plot conditions (Bussotti et al., 2007) . Visible injury onset for each species occurred at relatively similar AOT40 values in both years (less than 3000 ppb h of difference, up to 23% deviation between years), but agreement was better for POD Y values (only up to 14% deviation, and practically identical values for Q. robur). Therefore, on the basis of these results, the uncertainty can be reduced if the threshold for the onset of visible foliar injury is based on stomatal flux rather than exposure (AOT40). Gerosa et al. (2008) obtained similar conclusions for Fagus sylvatica, outlining the higher potential of the fluxbased approach, as it takes into account environmental, biological and physiological factors affecting plant response which are not considered in an exposure-based approach (Karlsson et al., 2004) . Physiological responses were basically consistent with the above results. At least in one of the two years (at the end of the growing season), CO 2 assimilation (A) was significantly reduced and intercellular CO 2 concentrations (C i ) increased in all species except Q. ilex. In Q. pyrenaica (2006 and 2007) and Quercus robur (2007), stomatal conductance (g s ) and the ratio between A/g s were also impaired. Similar physiological changes have been reported e.g., in maple species and in Pistacia and Viburnum shrubs (Calatayud et al., 2007 . As these authors pointed out, the observed reductions of CO 2 assimilation are associated with an increase in C i and a reduction in WUE (or the related A/g s ), which suggest that Rubisco-related limitations may contribute to this decline in CO 2 assimilation (e.g., Reichenauer and Bolhàr-Nordenkampf, 1999; Mikkelsen, 1995) . The A/g s ratio (Fredericksen et al., 1996; Wei et al., 2004a Wei et al., , 2004b Bussotti et al., 2007) , or the related carbon gain/O 3 uptake ratio, have been suggested to be linked to the detoxification capacity and ozone tolerance of the plants. Higher values of this index would ensure a good balance between the feeding of the metabolic detoxification processes and the ozone uptake, as products of the photosynthetic reactions (NADPH þ or soluble carbohydrate) are involved in antioxidant regeneration and maintenance of the ascorbate pool (Matyssek et al., 2007) . Bussotti et al. (2007) suggest a link between the reductions of this ratio observed towards the end of summer and the onset of visible injury. Consistently, in the present experiment, a decline in the A/g s ratio in Q. pyrenaica and Q. robur towards the end of the summer may also be related with the rise (Q. pyrenaica) or onset (Q. robur) of visible symptoms in this period. On the other hand, the decline in chlorophyll content in Q. pyrenaica (2006, significant) and in Q. robur (not significant) is also in line with previous observations, suggesting that, under enhanced ozone levels, some deciduous Quercus are particularly prone to experience chlorophyll degradation (compare with other genera, e.g., in Jackson, 2000, and Bussotti et al., 2007) . Gas exchange results also underline the relative high tolerance of Q. ilex to enhanced ozone levels, as a decline in CO 2 assimilation is one of the first responses in ozone-fumigated plants (Reich, 1987) , not necessarily related to symptom development (Bussotti et al., 2007) . In the case of the present study, there is consistency in the fact that Q. pyrenaica, the species showing the earliest and most severe symptoms, and the strongest effects on photosynthesis, was also the one showing the highest biomass reductions. However, effects at leaf-level, and especially visible injury, are frequently uncoupled with growth or biomass reductions: the latter effects can be limited if, for example, leaves become affected toward the end of the growing season, when growth has already stopped or is reduced , or by compensatory responses of younger or non-affected leaves. Also in Quercus pyrenaica, root biomass (and the ratio between above-ground and root biomass) was more importantly affected than above-ground biomass. Ozone effects on roots and/or on the above-mentioned ratio have been reported as a consequence of reduction in CO 2 assimilation but also of photoassimilate allocation from source tissues (leaves) to sink tissues (roots) (Andersen, 2003) . Under natural conditions, root reduction and changes in biomass partitioning in tree species may reduce resistance to windthrow (Broadmeadow and Jackson, 2000) . However, it is advised that extrapolation of OTC results to field conditions and mature trees are subject to important uncertainties. In the other three species, biomass effects were lower.
By integrating all the different response indicators studied, the ranking from more to less ozone-sensitive oaks is as follows: Q. pyrenaica > Q. robur > Q. faginea > Q. ilex. The most tolerant species was Q. ilex, followed by Q. faginea, the deciduous species with the smallest leaves, while Q. pyrenaica, with the largest leaves, was the most sensitive. This ranking is not fully consistent with the POD Y values calculated for the different species, i.e., differences in accumulated ozone flux among species alone do not explain the different responses observed. However, when the POD 1.6 is expressed on an LMA basis (i.e., the ozone dose is expressed per mass unit), there is good agreement between the resulting ranking and the one reported above. These results suggest that functional traits such as LMA could be considered in combination with stomatal ozone flux to better define the potential ozone risk for plants with different types of leaves and ecological requirements. In fact, LMA index has previously been used to distinguish between ozone-sensitive and ozone-tolerant species (Bussotti, 2008) . High LMA reflect a high density in mesophyll tissues or thick leaves. This index is also considered an index of sclerophylly: sclerophylly begins at 7.5 mg cm À2 (Bussotti, Fig. 2 . Changes in gas exchange and chlorophyll parameters at the different measuring times. Significant differences of NFþ30 treatment with respect to control treatment (CF) are indicated with: *P < 0.05; **P < 0.01; ***P < 0.001 (n ¼ 9).
2008), and LMA in Q. ilex is 15.2, and in Q. faginea, 9.7 mg cm
À2
. As observed in these two species, sclerophyllous adaptations include the development of cells with thick walls and more supportive tissue that can affect gas diffusion inside the leaves. Thick leaves are considered to be more ozone-tolerant than thinner leaves (Pääkkönen et al., 1995a (Pääkkönen et al., , 1997 Bennet et al., 1992; Lyons et al., 2000; Karlsson et al., 2007) , in part because of differences in the gas-phase diffusion pathways (Chappelka and Samuelson, 1998) . The presence of cells with thick walls strongly influences the length of the diffusion pathway for ozone and modifies the interaction with oxidative constituents of the apoplast; the density of the cell wall (i.e., degree of cross-linking, suberification or lignification) would also be expected to influence the tortuosity of the diffusion pathways for ozone (reviewed in Lyons et al., 2000) . Furthermore, in the case of Q. ilex, the dense trichoma layer present in the lower leaf surface increases boundary layer resistance, and eventually may increase the surface of reaction with ozone, contributing to its deplection. In addition to these processes, leaves with higher LMA values (lower SLA values) have been correlated with higher antioxidant capacity levels (Matyssek et al., 2007) , and a high tissue density is considered to be able to better feed detoxification processes (Bussotti, 2008) . Finally, plants growing in the Mediterranean area are adapted to different oxidative stress factors (e.g., high temperature, strong sun-light, drought) that can make them more tolerant to ozone stress, as molecular responses to all these stresses may be convergent (Paoletti, 2006; Bussotti, 2008; Calatayud et al., 2010) . Overall, the results of the present study are consistent with previous studies comparing related Mediterranean evergreen and deciduous species, which showed a much higher tolerance in evergreen species , and also with other studies comparing different deciduous species among them: plants with smaller, more coriaceous and thicker leaves, withstood ozone stress better (Calatayud et al., 2007; Bussotti et al., 2007; Bussotti, 2008) . The higher sensitivity of Q. pyrenaica is related to its large leaves, relatively thin, and high g max and POD Y values. In this experiment, Q. robur is intermediate, and it is considered more tolerant than Fagus sylvatica or Betula pendula (Karlsson et al., 2004 Bussotti et al., 2007) . In summary, the hypothesis that ozone sensitivity would be species-specific and related to leaf traits Calatayud et al., 2010) was basically confirmed. Moreover, a partial overlapping of ozone resistance with drought tolerance of the species (Nali et al., 2004) was also confirmed. This overlapping was expected, as in the studied species the above-mentioned anatomical features favouring ozone tolerance (e.g., sclerophylly) are developed as adaptations to dry habitats.
Although there are differences in the stomatal characters among species, there is not an evident correlation with ozone sensitivity. For example, both the most tolerant (Q. ilex) and the most sensitive (Q. pyrenaica) species did not show significant differences in stomatal index and stomatal density. In Betula spp., it has been suggested that leaves with a higher stomatal density may be more resistant to ozone (Pääkkönen et al., 1995a (Pääkkönen et al., , 1997 (Pääkkönen et al., , 1993 Lyons et al., 2000) , probably because an even distribution of ozone uptake may facilitate a greater interception and Table 7 Different components of biomass and plant height for the two ozone treatments (mean AE SE, n ¼ 7e9 measured at the end of the experiment) and P values of main factors in two-way ANOVA. Significant differences between treatments are indicated with an asterisk (t-test, *P < 0.05). detoxification of the pollutant (Pääkkönen et al., 1995b; Lyons et al., 2000) . In the present study, however, very different types of leaves have been compared, and the relevance of stomatal characters in relation to ozone sensitivity seems to be secondary with regard to other morphological features. On the other hand, stomatal density may have a high variability inside a leaf and a crown (Paoletti and Gellini, 1993) . Under Mediterranean field conditions, the differences in ozone responses observed between the species under the well-watered conditions of this experiment could be modulated by their type of interaction with drought. Evergreen species have developed a conservative water-use strategy, showing a high stomatal sensitivity to drought (Mediavilla and Escudero, 2003) . In summer, Q. ilex strongly reduces stomatal conductance, thereby limiting ozone uptake (Gerosa et al., 2005; Manes et al., 2007) ; this would further contribute to preventing ozone effects in this species under field conditions. In contrast, deciduous species such as Q. faginea, and more particularly Q. pyrenaica, show a non-conservative strategy, maintaining stomatal conductances relatively high even in summer; this is probably possible by developing deep roots that may have access to tap soil water reserves (Gallego et al., 1994; Mediavilla and Escudero, 2003) . Q. robur is distributed in areas with higher water availability. Therefore, it is expected that the species-specific differences in ozone responses observed under well-watered conditions may become even more marked under natural conditions if the summer drought component is also included. However, ozone interactions with drought can be complex. The moment at which ozone episodes occur can be relevant. In Aleppo pine, when a drought period was applied after ozone exposure, the combined effects of both stresses decreased the capacity of plant recovery after rewatering (Alonso et al., 2001 ). Paoletti (2005) observed that ozone exposure impaired stomatal responses in evergreen species, which could make plants exposed to this pollutant more vulnerable to subsequent drought episodes. Clearly, more research combining ozone with drought is still needed in order to better understand the behaviour and potential risks due to this pollutant under natural conditions in the Mediterranean area.
Finally, and assuming the limitations of being based on a single experiment, dose-response functions have been applied for comparative purposes with previous studies with Quercus (Karlsson et al., 2004) . Considering the three deciduous oak species together and the parameterization applied in this study, an AOT40 of 18 ppm h and a POD 1.6 of about 16 mmol m À2 would account for a 5% biomass loss. This AOT40 value is identical to that proposed by Karlsson et al. (2004) for deciduous oaks; however, the POD 1.6 value is above the CLe f of 12 mmol m À2 proposed for this type of oak by the same authors. This is not surprising as in the present experiment relatively tolerant species such as Q. faginea have been included, and there can be considerable variation between experiments. For holm oak, the limited results of this experiment suggest that AOT40 and POD 1.6 values suitable for preventing a 5% biomass loss would be about 2.5e3.5 times higher than for deciduous oaks. Efforts for developing critical levels for Mediterranean evergreen species are ongoing, and the data presented here can contribute towards this goal. However, sound CLe should be based on as much experimental data as possible, as differences in ozone sensitivity within provenances or subspecies of this oak may be high (compare with Ribas et al., 2005b) . Any risk assessment of Mediterranean forests should also take into consideration the above-described diversity of responses among species; i.e., the CLe for evergreens, when developed, should not be applied by default to the whole Mediterranean area, as Mediterranean vegetation also includes forests of relatively sensitive species such as Q. pyrenaica.
